Atherosclerosis is a chronic inflammatory disease of large and medium-sized arteries characterized by leukocyte accumulation in the vessel wall. Both innate and adaptive immune responses contribute to atherogenesis, but the identity of atherosclerosis-relevant antigens and the role of antigen presentation in this disease remain poorly characterized. We developed live-cell imaging of explanted aortas to compare the behavior and role of APCs in normal and atherosclerotic mice. We found that CD4 + T cells were capable of interacting with fluorescently labeled (CD11c-YFP + ) APCs in the aortic wall in the presence, but not the absence, of cognate antigen. In atherosclerosis-prone Apoe -/-CD11c-YFP + mice, APCs extensively interacted with CD4 + T cells in the aorta, leading to cell activation and proliferation as well as secretion of IFN-γ and TNF-α. These cytokines enhanced uptake of oxidized and minimally modified LDL by macrophages. We conclude that antigen presentation by APCs to CD4 + T cells in the arterial wall causes local T cell activation and production of proinflammatory cytokines, which promote atherosclerosis by maintaining chronic inflammation and inducing foam cell formation.
Introduction
Atherosclerosis is a complex disease associated with lipid accumulation in the vessel wall that results in the formation of atherosclerotic plaque in arteries, inflammation, progressive plaque growth, rupture, thrombosis, and occlusion of the vessel (1) . Immune cells -including T lymphocytes as well as myeloid APCs, such as macrophages and DCs -are present in normal vessels and greatly expanded under atherosclerotic conditions in the arterial wall and atherosclerotic plaques (2) (3) (4) (5) (6) (7) . Although macrophages have long been known to be key cells in atherosclerosis (8, 9) , the phenotype and function of macrophages and DCs in the arterial wall is poorly understood.
Being a part of the innate immune system, macrophages and DCs express pattern recognition receptors. Their activation by exogenous or endogenous ligands results in secretion of proinflammatory cytokines like TNF-α, IL-6, or IL-12 (3, 10) , which leads to increased local inflammation and plaque instability (11) . Macrophages secrete a wide variety of proinflammatory cytokines and chemokines and are key cells for lipid retention, plaque growth, and instability (12) . Lipoprotein accumulation and formation of lipid-loaded foam cells is one of the major events in the initiation and progression of atherosclerosis (6) .
Since the discovery of vascular DCs (13) , their role in shaping the immune response has been postulated, with recent studies beginning to address their function (14) (15) (16) (17) (18) . In mouse models of atherosclerosis, APCs were reported to leave the vessel wall and appear in draining lymph nodes (19) . In peripheral tissues, DCs typically sample antigen and return to the spleen or lymph nodes to initiate an immune response by activating naive T cells. APC interactions with CD4 + T lymphocytes in lymphoid organs lead to activation, proliferation, and cytokine secretion. These interactions can be visualized by 2-photon microscopy: the T cells arrest their motility when they form an immunological synapse with DCs (20, 21) . Recent intravital imaging work in models of skin inflammation (22) , liver granulomas (23) , and EAE, a mouse model of multiple sclerosis (24) , has revealed that CD4 + T cells can be restimulated directly in peripheral tissues, proliferate, and produce cytokines.
Various types of T cells play different roles in atherosclerosis (25) . In lymph nodes draining the aortas of Apoe -/-mice, IFN-γ-producing CD8 + T cells were found early in disease, but after 8 weeks of Western diet (WD) feeding, the CD4 + T cell subset became predominant (26) . Moreover, a deficiency in CD4 + Th cells curtails atherosclerotic plaque formation and progression (27) . Among CD4 + T cells, the Th1 subtype, which preferentially produces IFN-γ and TNF-α, was shown to be proatherogenic, whereas Th2 cells played only a minor role (28) (29) (30) . In most studies, Th17 cells have been found to play a proatherogenic role (31) (32) (33) (34) (35) (36) (37) , although some other studies came to a different conclusion (38) (39) (40) . Tregs are atheroprotective, presumably due to their ability to suppress local and systemic inflammation (41) (42) (43) .
While atherosclerosis-specific antigens are not yet completely characterized (44) (45) (46) , recent work suggests that ApoB-reactive T cells expand during hypercholesterolemia and secrete cytokines that drive vascular inflammation (47) . Depletion of antigen by vaccination against ApoB100 peptides limits atherosclerosis (47) . Regardless of the relevant autoantigen, the atherosclerotic environment appears to provide both the danger signal (TLR ligands as well as oxidized and otherwise modified lipids, mainly in the LDL compartment) and CD4 + T cell antigens.
The potential role of antigen presentation by APCs to T cells in atherosclerosis progression is supported by data showing that atherosclerosis in Ldlr -/-mice is ameliorated when the genes encoding 2 major APC costimulatory molecules, CD80 and CD86, are disrupted (48) . Similarly, mice lacking CD74 (MHCIIassociated protein invariant chain, which regulates antigen processing and inhibits DC motility in vivo; ref. 49 ) also demonstrate a marked reduction of atherosclerosis (50) . However, the local activation of T cells in the arterial wall in atherosclerosis remains poorly understood.
Previous studies have shown DCs in close proximity to T cells within unstable atherosclerotic plaques (18, (51) (52) (53) (54) . Elegant in vitro experiments using 3D tissue-engineered vessels populated with in vitro-generated myeloid cells and T cells showed that CD11c + APCs activated by LPS were able to activate T cells (16) .
The idea that vascular DCs and macrophages are competent for antigen presentation is further supported by the finding that yellow fluorescent protein-expressing (YFP-expressing) CD11c-YFP + cells isolated from normal mouse aorta can present model antigen to T cells in vitro (14) .
Here, we developed 2-photon live cell imaging of the mouse aorta to investigate whether aortic CD11c + APCs can interact with and activate T cells. We observed that interaction of APCs with CD4 + T cells resulted in secretion of the proinflammatory cytokines IFN-γ and TNF-α, which in turn led to increased uptake and accumulation of oxidized LDL (oxLDL) and minimally modified LDL (mmLDL) in aortic macrophages. Our findings suggest that APC interactions with aortic T cells restimulate previously activated CD4 + T cells, resulting in proinflammatory cytokine production, which in turn promotes lipid uptake and foam cell formation.
Results

Different myeloid cell subtypes are present in mouse aorta in atherosclerosis.
Aortic leukocyte content expands more than 3-fold in Apoe -/-mice (55) . Here, we confirmed that feeding a fat-rich WD for 12 weeks dramatically increased CD45 + leukocyte number in aortas of Apoe -/-, but not normal C57BL/6 (B6), mice ( Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI61758DS1). To better understand the composition of the myeloid compartment, we analyzed aortic cell suspensions for expression of the integrin subunits CD11b (α M ) and CD11c (α x ), both of which are well-recognized myeloid cell markers, by flow cytometry. CD11b + CD11c -macrophages were present in B6 aortas, with some CD11b + CD11c + cells and a few CD11b -CD11c + DCs ( Figure 1A and Supplemental Figure 1 , B and C). The myeloid compartment in aortas of WD-fed Apoe -/-mice was dominated by CD11b + CD11c -macrophages and almost as many CD11b + CD11c + cells (Supplemental Figure 1B) , in agreement with the increase in aortic MOMA2 + CD11c + cells during atherosclerosis described previously (56) . Many CD11b + CD11c + cells in aortas of WD-fed Apoe -/-mice also expressed high levels of MHC class II (Supplemental Figure 1, C and D) . Some CD11b + CD11c -and CD11b + CD11c + cells expressed the macrophage marker F4/80 (Supplemental Figure 1D) . Occasional Ly6G + neutrophils were also detected among CD11b + CD11c -cells (Supplemental Figure  1D) . Only CD11b -CD11c + cells were found to express CD205 (Supplemental Figure 1D) . The phenotype of CD11b + CD11c + cells suggests that they might represent a mixed population of macrophages and DCs (Supplemental Figure 1D and ref. 57) .
In order to determine the location of these cells in the mouse aorta, we performed immunofluorescence staining for CD11b and CD11c (Figure 1 , B and C, and Supplemental Figure 2 ). CD11b + CD11c -cells were found in both atherosclerotic lesions and the lamina adventitia in WD-fed Apoe -/-mice. In the adventitia, CD11b + CD11c -cells were interdispersed with CD11b + CD11c + and CD11b -CD11c + cells ( Figure 1C) . Interestingly, large, round-shaped CD11b + CD11c + cells were localized in neointimal atherosclerotic lesions in Apoe -/-mice ( Figure 1B) Figure 3 , A and B). CD11c-YFP + cells were found in both the adventitia and the inner layers of the blood vessel (Supplemental Figure 3C ). 2-photon microscopy of the aortic arch and valve areas revealed YFP + cells scattered in these areas (Figure 1D and data not shown). In atherosclerotic Apoe -/-Cd11c-YFP + mice, YFP + cells were found in both the plaque and the adventitia ( Figure 1E and Supplemental Video 1). YFP + APCs in the aortic wall showed vigorous movement accompanied by large changes in shape, resulting in an average migration velocity of 1.36 ± 0.14 μm/min (Supplemental Figure 4 , A and B, and Supplemental Video 2). Thus, CD11c + APCs appear to continuously scan the aortic wall.
To determine whether these APCs can present antigen to activated CD4 + T cells, we added labeled preactivated (anti-CD3 and anti-CD28) CD4 + T cells isolated from OTII transgenic mice to explanted CD11c-YFP + aortas in the absence (data not shown) or presence of the antigenic peptide OVA 323-339 ( Figure 2 , A and B) or whole OVA (Supplemental Figure 5 ) for 12 hours, followed by 2-photon imaging. Since draining lymph nodes are removed from the excised aortas, there is no possibility that YFP + APCs will leave and present the antigen outside the aortic wall, thus focusing observations on antigen presentation in the wall. We observed that OTII CD4 + T cells migrated into the aortic tissue and encountered multiple YFP + APCs ( Figure 6D ). These data demonstrated antigen-specific T cell-APC interactions in aortas of atherosclerotic Apoe -/-CD11c-YFP + mice.
CD4 + T cells isolated from Apoe -/-mice interact with DCs in atherosclerotic plaques.
Having shown model antigen-specific T cell interactions with APCs in atherosclerotic mouse aortas, we next tested whether endogenous antigens can also support such interactions. The ApoB100 component of LDL has been proposed as one of the most relevant antigens in atherosclerosis (47) . Alternatively, HSP60 (60) and oxLDL (44) have also been proposed as potential atherosclerosis autoantigens. We reasoned that atherosclerotic Apoe -/-mice should contain polyclonal antigen-experienced T cells specific for atherosclerosis antigens that should interact with APCs. To test this, isolated aortas from WD-fed Apoe -/-CD11c-YFP + mice were incubated with CD4 + T cells sorted from the spleen and lymph nodes of WD-fed Apoe -/-mice. In these experiments, no external antigens were added. Similar to anti-CD3/CD28-prestimulated OTII T cells, Apoe -/-CD4 + T cells efficiently migrated into the aortic wall and into the plaque, even without additional ex vivo stimulation. Some of them participated in long interactions with some APCs in the plaque and in the adventitia ( Figure 4A ). The percentage of interacting cells was lower than in the TCR transgenic OTII system, likely reflecting the polyclonal nature of atherosclerotic T cells (Supplemental Video 6). Similar to our experiments with model antigen, we observed decreased migration velocities for CD4 + T cells interacting with APCs ( Figure 4B ). Control CD4 + T cells obtained from B6 mice entered the aortic tissue in lower numbers and showed only a few interactions with YFP + APCs ( Figure 4C ).
To directly compare the movement of Apoe -/-T cells with prestimulated OTII T cells, we coincubated both cell types (labeled with different fluorochromes) with atherosclerotic aortas. With- To compare the interaction efficiency of CD4 + T cells in the aorta and peripheral lymph node, Apoe -/-mice were injected with CD4 + T cells obtained from spleens of B6 or Apoe -/-mice fed WD for 12 weeks. 12 hours after injections, paraaortic lymph nodes were isolated and imaged. We found a small decrease in migration speed of Apoe -/-CD4 + T cells compared with B6 CD4 + T cells (Supplemental Figure 7) , which suggests that a small percentage of Apoe -/-T cells participated in interactions with APCs in the paraaortic lymph node.
We reasoned that activated T cells from Apoe -/-mice may interact more efficiently with APCs in mouse aortas and atherosclerotic plaques, because of an expected higher frequency of atherosclerosis antigen-specific T cells in Apoe -/-compared with B6 mice. To test this, we sorted activated (CD44 hi CD62L -) CD4 + T cells from normal B6 or Apoe -/-mice after 12 weeks of WD feeding and incubated them with atherosclerotic aortas from Apoe -/-Cd11c-YFP + mice. We found that a few CD44 hi CD62L -B6 CD4 + T cells migrated in to the atherosclerotic aortas and exhibited occasional interactions with CD11c-YFP + APCs ( Figure 5A ). In contrast, CD44 hi CD62L -activated Apoe -/-CD4 + T cells readily entered atherosclerotic plaque and interacted with CD11c-YFP + APCs ( Figure 5B ). Many of CD44 hi CD62L -Apoe -/-CD4 + cells participated in interactions with CD11c-YFP + APCs ( Figure 5C ) and showed long interaction times ( Figure 5D ). These data demonstrated that under atherosclerotic conditions, T cells from atherosclerotic Apoe -/-mice enter the plaque and adventitia and interact with APCs.
Antigen presentation in the aortic wall leads to increased T cell activation and proliferation as well as cytokine production. Successful activation of T cells by APCs leads to proliferation, activation, polarization, and secretion of cytokines (61) . We therefore examined whether antigen-dependent activation of T cells in the aortic wall also triggers cytokine production. We incubated sorted CD44 hi CD62L -activated or CD44 lo CD62L + naive CD4 + T cells isolated from B6 or Apoe -/-mice with atherosclerotic aortas without additional antigens. Activated Apoe -/-T cells induced significant secretion of IFN-γ from Apoe -/-aortas ( Figure 6A ). Neither Apoe -/-nor B6 naive T cells could induce IFN-γ production when incubated with Apoe -/-aortas. Activated B6 CD4 + T cells were also unable to promote IFN-γ expression ( Figure 6A ). Apoe -/-aortas secreted some TNF-α, and its expression was not further enhanced by either naive or activated B6 CD4 + T cells or by naive Apoe -/-CD4 + T cells. Notably, only addition of CD44 hi CD62L -activated Apoe -/-T cells significantly enhanced TNF-α production. (Figure 6A ). Secretion of IFN-γ and TNF-α was also increased when OTII cells were incubated with CD11c-YFP + /B6 aortas in the presence of OVA (data not shown), which demonstrated that T cell antigen specificity, not atherosclerotic conditions per se, is important for inflammatory cytokine production. To measure T cell proliferation in vivo, we used in vivo BrdU pulse labeling, which revealed increased T cell proliferation in the aortas of WD-fed Apoe -/-versus B6 mice ( Figure 6 , B and C). These data suggest that productive interactions between APCs and T cells in the aortic wall lead to T cell proliferation and production of the inflammatory cytokines IFN-γ and TNF-α.
Administration of proinflammatory cytokines increases oxLDL and mmLDL uptake in aortic CD11b + macrophages. To test whether cytokines produced in response to interactions with APCs in the vessel wall can influence foam cell formation through the uptake of modified LDL, we cocultured isolated aortas with OTII T cells in the absence or presence of OVA 323-339 , followed by addition of oxLDL or mmLDL (both of which are known to be readily internalized by macrophages; ref. 7) . We found that uptake of oxLDL by CD11b + CD11c -cells was significantly increased in the presence of antigen ( Figure 7, A and B) . Expression of CD36 (a main receptor for oxLDL uptake) and MHCII was also upregulated ( Figure 7A) . Disruption of T cell-APC interaction by the addition of an MHCII blocking antibody decreased oxLDL accumulation in CD11b + CD11c -cells (Figure 7, C and D) . mmLDL is also taken up by macrophages, but uses a different mechanism (62, 63) . mmLDL uptake by macrophages was enhanced in the presence of model antigen ( Figure 7 , E and F), and this was reduced in the presence of a blocking MHCII antibody ( Figure 7 , G and H). These data suggest that uptake of both oxLDL and mmLDL is enhanced in the presence of antigen. Taken together with the data in Figures 5 and 6 , our results demonstrated that cytokines secreted by effector-memory (i.e., activated CD44 hi CD62L -) CD4 + T cells in response to antigen presentation by CD11c + APCs enhance uptake of oxLDL and mmLDL, thereby promoting foam cell formation from aortic macrophages.
Depletion of CD11b -CD11c + cells decreases inflammatory cytokine production. To examine the role of APCs and antigen presentation in aortic inflammation and foam cell formation, we crossed Cd11c-DTR + mice to atherosclerosis-prone Apoe -/-mice to directly investigate the effect of CD11c + cell depletion on atherosclerosis development. Since multiple injections of diphtheria toxin (DT) are only possible in bone marrow-transplanted mice (64, 65), we transplanted lethally irradiated Apoe -/-mice with Apoe -/-Cd11c-DTR + bone marrow. 4 weeks after bone marrow transplantation, mice were fed WD for 12 weeks; during the last 2 weeks of WD feeding, mice were injected with DT every other day. Flow cytometry revealed a decrease in accumulation of hematopoietic (CD45 + ) cells in the aortas of DT-treated mice (data not shown). The most significant depletion was seen in CD11b -CD11c + cells in the aortas and spleens of DT-treated mice, whereas CD11b + CD11c + cell numbers were only partially reduced by DT treatment (Figure 8, A  and B) . To assay the effect of DC depletion on oxLDL uptake, we injected Apoe -/-Cd11c-DTR + mice with a single dose of DT. 24 hours later, aortas were harvested and incubated with OTII T cells in the presence of OVA and oxLDL as described above. Importantly, we found 20% decreased uptake among CD11b + CD11c -cells in aortas of DT-treated animals compared with the control (Figure 8C ). Realtime PCR analysis demonstrated a significant reduction of Il6 and Il12p35 proinflammatory cytokine expression in the aortas of DTtreated mice ( Figure 8D ). Taken together, these data suggested that transient depletion of DCs reduces oxLDL uptake and cytokine expression in the aortas of DT injected Apoe -/-Cd11c-DTR + mice.
Discussion
In the last decade, it has become increasingly clear that chronic inflammation is a major factor in the development and progression of atherosclerosis (66) . Components of both innate and adaptive immunity have been implicated in disease initiation and progression (1, 3) . DCs and macrophages represent classical professional APCs, and their numbers increase significantly during atherosclerosis progression in aortas (6, 55) .
We found here that CD11b + CD11c + cells extensively infiltrated the atherosclerotic aorta, where they resided both in the plaque and adventitia, potentially giving rise to CD11b + CD11c + foam cells in the plaque. These cells showed high surface expression levels of MHCII and the costimulatory molecules CD80 and CD86, characterizing them as specialized and mature APCs. Some of these cells also expressed F4/80, which suggests that this heterogeneous population of CD11b + CD11c + cells includes both DCs and macrophages.
Accumulating evidence suggests the possibility of direct T cell-DC interaction and antigen presentation in the aorta during induction and progression of atherosclerosis (14, 16, 18, (51) (52) (53) (54) . Here, using 2-photon microscopy, we were able to visualize T cell-APC interactions in the explanted mouse aorta. We showed that aortic APCs engaged in antigen-specific interactions with CD4 + T cells, which led to T cell proliferation and production of IFN-γ and TNF-α in the aorta. Since both T cell and APC numbers dramatically expand upon atherosclerosis progression, the number of their interactions may increase, leading to enhanced production of proatherogenic cytokines. Proinflammatory cytokines resulting from these interactions promoted uptake of oxLDL and mmLDL in macrophages in the aortic wall. Thus, our data identified a plausible mechanism by which the adaptive immune system contributes to atherosclerosis. Even though our results were obtained using an ex vivo approach, the antigen-specific interaction between T cells and APCs likely takes place and is important in vivo. However, other factors, such as intact circulation, ongoing recruitment of infiltrating leukocytes, systemic inflammatory responses, and intact lymphatic drainage, could also be important contributors to atherogenesis.
The contribution of myeloid cells to atherosclerosis is often envisioned only with regard to their ability to sustain inflammation via cytokine production, to take up lipids, and to differentiate into foam cells, thereby increasing plaque size (12) . Our data suggest that myeloid cells can also be involved in processing and presentation of antigens, resulting in antigen-dependent reactivation of T lymphocytes.
Previous work has suggested that oxLDL (44) , HSP60 (60, 67), or ApoB100 (47) may represent possible atherosclerosis autoantigens. Our study did not address the identity of the atherosclerosis antigens, but showed that activated CD4 + T cells from Apoe -/-mice participated in interactions with CD11c + APCs and induced production of IFN-γ and TNF-α when incubated with Apoe -/-aortas. Gene-deficient mice lacking the costimulatory molecules CD80 and CD86 have previously been shown to have reduced atherosclerosis (48) . Our data suggest that this may be explained, at least in part, by defective antigen presentation in the vessel wall. The important role of DCs and macrophages is further supported by prior reports that mice lacking CX3CR1, CCR2, or CCR5 also show reduced myeloid cell content in the artery wall and decreased plaque burden (68) (69) (70) . Given the heterogeneity of myeloid cell populations, it is possible that different subsets of DCs play different roles. A recent study suggested that CD103 + CD11c + DCs in the arterial wall could play an immunoregulatory role by supporting Treg development (17) . Ldlr -/-mice lacking Flt3, a receptor important for development and expansion of some DCs, show fewer CD103 + DCs in the aorta, which correlated with a small increase in atherosclerotic lesion size (17) . On the other hand, DC subsets, including CD11c + CD11b -and CD11b + CD11c + cells, may be pivotal for T cell activation and inflammation during atherosclerosis, similar to their well-defined role in immune responses. Depletion of DCs has also been shown to elevate circulating LDL cholesterol (71) . Thus, the observed reduction of lesion size after depletion of APCs in Cd11c-DTR + mice in our study may represent the sum total of all these effects.
Antigen presentation to T cells by APCs in the context of atherosclerosis has been proposed to entail APCs capturing antigen in the vessel wall and then migrating to draining lymph nodes to present this antigen to T cells (72) . However, the absence of lymphatic vessels in atherosclerotic plaques (73) and altered homing properties of APCs under hypercholesterolemic conditions (19) have been postulated to decrease or abrogate the ability of APCs to migrate to lymph nodes. In addition, chemokines and adhesion molecules such as CCL19, CCL21, P-selectin, and VCAM-1 within the developing atherosclerotic lesion may favor recruitment and retention of APCs, rather than their egress (73) (74) (75) . Therefore, an alternative and largely unexplored possibility is that tissue-residing and newly recruited APCs capture and process antigens, present them, and activate T cells in the aorta's atherosclerotic environment. Through interactions with APCs in the arterial wall, T cells support the persistence of local chronic inflammation and promote atherosclerosis development.
Our 2-photon imaging experiments showed that CD4 + T cells underwent productive interactions with CD11c + APCs in the aortic wall in the absence of secondary lymphoid organs. These interactions were strictly antigen dependent and more frequent with CD44 hi CD62L -activated Apoe -/-CD4 + T cells. T cells engaged in long interactions with APCs in the vessel wall showed slow migration speeds, similar to those previously observed for T cell-DC interactions in other nonlymphoid organs (22) (23) (24) . The productiveness of these interactions was demonstrated by subsequent T cell proliferation and induction of proinflammatory cytokine production, particularly IFN-γ and TNF-α. The functionality of these cytokines in atherosclerosis has previously been established. IFN-γ gene ablation (76, 77) or blockade of TNF signaling (78) relieves atherosclerosis, which suggests that the cytokines induced by APC interactions with T cells participate in atherosclerosis progression. The function of these cytokines in atherosclerosis is multifaceted and likely includes many different cell types and functional outcomes, such as chemokine production, cell recruitment, and cell maturation (11) . (Worthington Biochemical Corp.) for 30 minutes at 37°C, and the adventitia was carefully removed. Aortas and adventitias were further digested separately for an additional 30 minutes at 37°C with the standard digestion mixture described above (450 U/ml collagenase type I, 250 U/ml collagenase type XI, 120 U/ml hyaluronidase, and 120 U/ml DNAseI; all enzymes from Sigma-Aldrich). Cell suspensions were filtered through 70-μm cell strainers and stained with CD45-PerCP ( Histology and immunofluorescence. For histological analysis, aortic roots were frozen in OCT compound on dry ice and stored at -80°C. 5-μm sections were taken in the aortic valve plane, and immunostaining was performed as described previously (80) . Briefly, frozen sections were thawed and fixed for 10 minutes in acetone at room temperature, followed by 8 minutes in 1% paraformaldehyde (EMS) in 100 mM dibasic sodium phosphate containing 60 mM lysine and 7 mM sodium periodate at pH 7.4 on ice. Sections were blocked using the avidin/biotin blocking kit (Vector Labs) followed by 5% normal goat serum (Caltag Laboratories) and 1% BSA (Sigma-Aldrich) in PBS. Sections were stained overnight at room temperature with rat anti-mouse CD11b-FITC (M1/70; BD Biosciences) and hamster anti-CD11c (BD Bioscience) followed by staining with secondary antibody: anti-FITC Alexa Fluor 488 (Molecular Probes) and DyLight 649-labeled goat anti-hamster IgG (Jackson Immunoresearch). Images were acquired on a Leica DM6000 upright microscope using HCX PLAPO ×20 and ×40 oil-immersion objectives at 488-nm and 633-nm excitation wavelengths. NIH ImageJ was used to adjust brightness and 1-step smoothing on all images in parallel.
Cell sorting and labeling and antigen presentation in explanted aorta. Lymphocytes were harvested from spleen and lymph nodes, and CD4 + T cells were purified by Robosep negative selection (StemCell Technology). After 48 hours of prestimulation with anti-CD3 and anti-CD28 antibodies, OTII or SMARTA CD4 + T cells were labeled with 2.5 μM SNARF (red fluorescent carboxylic acid, acetate, succinimidyl ester) or 3 μM CMRA (CellTracker Orange), respectively (Molecular Probes), for 10 minutes at 37°C. CD4 + T cells obtained from WD-fed Apoe -/-mice were used without additional stimulation. CD4 + T cells were resuspended at 1.5 × 10 6 cells/ml. The arch, the thoracic aorta, and part of the abdominal aorta (above the renal arteries) were surgically removed. All paraaortic lymph nodes and adipose tissue were carefully removed without disturbing the aortic wall itself. T cells were incubated with the explanted aorta for 12 hours in complete RPMI 1640 media containing 10% FBS, penicillin/streptomycin, l-glutamine, NEAA, HEPES, and sodium pyruvate in the presence or absence of antigenic peptide (OVA 323-339 , 1 μM; Abgent) or OVA (1 mg/ml). Immediately preceding video acquisition, the ends of each aorta were glued to a coverslip with Histoacryl glue (TissueSeal), put in a Petri dish, maintained at 37°C, and superfused with RPMI medium 1640 without phenol red (Invitrogen) bubbled with a gas mixture containing 95% O2 and 5% CO2.
Cytometric bead array. Explanted aortas were incubated for 48 hours with OTII T cells sorted as described above and stimulated for 8 hours with anti-CD3 and anti-CD28 antibodies in complete RPMI 1640 media containing Previous work has suggested that distinct cytokines can influence lipid uptake and differentiation of macrophages to foam cells (79) . SR-PSOX (CXCL16), one of the receptors for oxLDL, is expressed in human and mouse atherosclerotic lesions. In a myeloid cell line (THP-1), IFN-γ induced CXCL16 expression, suggesting at least one pathway by which IFN-γ could be proatherogenic and directly affect foam cell differentiation. Here, we showed that proinflammatory cytokines produced in response to antigen presentation enhanced uptake of oxLDL and mmLDL in primary aortic macrophages. Several lines of evidence suggested that IFN-γ coming from T cells activated in the aortic wall further regulates lipid uptake and foam cell formation. First, its production was stimulated by T cell-APC interactions in a strictly antigen-dependent manner. Second, exogenous IFN-γ enhanced mmLDL uptake. Third, blockade of CD4 + T cell-APC interaction by anti-MHCII antibody decreased oxLDL and mmLDL uptake. Fourth, transient depletion of DCs in Apoe -/-Cd11c-DTR + mice also decreased oxLDL uptake in explanted aortas.
The main cell type that we were able to visualize in the aorta by live cell imaging engaged in productive interactions with T cells and expressed both CD11b and CD11c. Since these cells increased dramatically in number during the progression of atherosclerosis and expressed high levels of MHCII and costimulatory molecules, these double-positive CD11b + CD11c + APCs may emerge as central drivers of the atherosclerotic process. They presented antigen and induced T cell cytokine production. Since foam cell formation is regulated by cytokines, whose production is induced upon T cell activation executed by myeloid cells in the aortic wall, our findings provide a plausible link between the adaptive and innate immune systems in atherosclerosis.
In summary, we conclude that interaction of CD11b + CD11c + APCs with CD4 + T cells results in T cell activation, proliferation, and production of IFN-γ and TNF-α, which in turn supports foam cell formation by promoting uptake oxLDL and mmLDL by macrophages. This mechanism is a likely link by which adaptive immunity promotes atherosclerosis.
Methods
Mice. B6, OTII, and Apoe -/-mice were obtained from Jackson Labs. Cd11c-YFP + mice (58) were provided by M. Nussenzweig (Rockefeller University, New York, New York, USA). SMARTA transgenic mice were provided by M. von Herrath (LIAI, La Jolla, California, USA). All mice were on C57BL/6 background. Beginning at 8 weeks of age, female and male Apoe -/-and B6 mice were fed WD. After 12 weeks of WD feeding, WD-fed Apoe -/-and B6 mice and age-matched Apoe -/-and B6 mice fed chow diet (CD) were used for flow cytometry. CD11c-YFP + B6 mice were used for 2-photon microscopy at 8-12 weeks of age. Apoe -/-CD11c-YFP + mice were fed WD for 12 or 20 weeks beginning at 8 weeks of age. Mice were kept in specific pathogen-free conditions in an AAALAC-approved barrier facility. All mice were genotyped using standard PCR protocols.
Aortic single-cell preparations and flow cytometry analysis. Preparation of single-cell suspensions from aortas was done as described previously (55) , with some modifications. Briefly, mice were sacrificed by CO2, and aortas were perfused with PBS containing heparin (20 U/ml). Aortas were prepared by removal of all adventitial fat, cut into small pieces, and incubated for 50 minutes at 37°C with gentle shaking in a mixture of 450 U/ml collagenase type I, 250 U/ml collagenase type XI, 120 U/ml hyaluronidase, and 120 U/ml DNAseI (all enzymes from Sigma-Aldrich).
To separate the adventitia from the rest of the vessel, we used a previously described method (32), with some modifications. Briefly, aortas were digested with 210 U/ml collagenase II and 3.75 U/ml elastase 2-photon microscopy. 2-photon imaging was performed using a DM 6000 upright microscope with 4 nondescanned detectors (Leica Microsystems) and a Chameleon Ultra Ti: Sapphire laser (Coherent) tuned at 900-1,000 nm for acquisition using a water-dipping objective (Olympus XLUMPLFL 20XW, NA0.95). Emitted fluorescence was split with 2 dichroic mirrors (560 nm and 593 nm) and passed through filters (Semrock) at 535/22 nm, 585/40 nm, and 624/40 nm. Typically, 10-20 z planes spaced 10-15 μm apart were acquired at 512 × 512 pixels every 1 minute.
Image processing. Images were smoothed by median filtering at kernel size 3 × 3 pixels. 3D reconstructions of aortas were performed using Imaris software (version 7.1.1 ×64; Bitplane AG) after stitching several z series encompassing the artery using XuvTools software (82) . Aortic walls were visualized by second harmonic generation and autofluorescence signals.
Autofluorescence was recorded as a separate channel (emission range above 560 nm with 920-950 nm excitation) or was extracted as low-intensity pixels from YFP, CMRA, or SNARF channels, which were then combined and converted to a new channel. Modeling of T cell-DC interactions in 3D was done using Imaris software.
Cell tracking. Each video was registered in x, y, and z using a vector field convolution on the 2D projections in the xy dimension of the cells (83) . The shape of the DC was computed using an active contour guided by vector field convolution (83) on the 2D projections in the xy dimension of the cells. Commencing with a binary 2D image of the detected DC, an edge map was created. Then, a user-defined vector field kernel was convolved with the edge map. This convolution produced a field of vectors that served as forces to guide the active contours to the cell boundaries. With this field, an initialized contour was deformed iteratively on the image until the desired features were captured. For each frame of the video, 3D size and shape features were extracted from the cells that were detected. The detections were assembled over time into tracks via a multitarget tracker that uses nearest-neighbor data association and a Kalman filter. The green and red cell tracks were subsequently postprocessed to determine interaction duration, feature changes, and cell velocities.
Imaris software was also used to automatically process 3D video data by detecting cells in each fluorescence channel, then creating tracks by linking the detected cells over time. Tracks were manually edited to improve accuracy. The software calculated interaction duration and cell velocities.
Statistics. Student's 2-tailed t test and ANOVA were used to compare treated and untreated conditions. Data are expressed as mean ± SEM. P values less than 0.05 were considered significant.
Study approval. Animal experiments were approved by the Animal Care Committee at LIAI.
